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Effects of phosphodiesterase inhibitors on interleukin-4
and interleukin-13 generation from human basophils
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1 The aim of the present study was to determine whether inhibition of cyclic nucleotide
phosphodiesterase (PDE) modulates the stimulated generation of the cytokines, interleukin-4 (IL-4)
and IL-13, from human basophils. This was addressed by evaluating the effects of both nonselective
and selective inhibitors of PDEs on the generation of cytokines from basophils.

2 The nonselective PDE inhibitors, isobutyl-methylxanthine (IBMX) and theophylline, attenuated
the IgE-mediated generation of IL-4 and IL-13 and, also, the release of histamine from basophils.

3 The effects of the isoform-selective inhibitors, 8-methoxymethyl-IBMX (PDE 1 inhibitor),
siguazodan (PDE3 inhibitor), rolipram (PDE4 inhibitor), denbufylline (PDE4 inhibitor), Org 30029
(mixed PDE3 and 4 inhibitor) and zaprinast (PDES inhibitor), were studied. Of these selective
compounds, only rolipram, denbufylline and Org 30029 inhibited the IgE-dependent generation of
IL-4, IL-13 and histamine from basophils to a statistically significant (P <0.05) degree.

4 The effects of isoform-selective inhibitors on basophils activated by IL-3 were evaluated. The I1L-3-
induced generation of IL-4, IL-13 and histamine was inhibited to a statistically significant (P<0.05)
extent, only by compounds that act as inhibitors of PDE4.

5 These data suggest that inhibition of PDE4 can regulate the generation of cytokines from human

basophils.
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Introduction

A role for the human basophil in the mediation of allergic
disorders, such as asthma, has been suggested (Warner &
Kroegel, 1994; Schroeder et al., 1995). Basophils, along with
mast cells, express high-affinity IgE receptors and the IgE-
mediated activation of basophils by allergen can lead to the
generation of a variety of proinflammatory mediators such
as histamine and cysteinyl-leukotrienes (Warner & Kroegel,
1994; Schroeder et al., 1995). More recently, it has also been
established that basophils are a major source of interleukin-4
(IL-4) and IL-13 and that the generation of these cytokines can
be induced by IgE-dependent and non-IgE-mediated mechan-
isms (Brunner et al., 1993; MacGlashan et al., 1994; Gibbs
et al., 1996; Redrup er al., 1998; Shimizu et al., 1998;
Ochensberger et al., 1999). Both 1L-4 and IL-13 are known
to have important roles in the mediation of allergic disorders
not least by promoting and sustaining IgE production (Wills-
Karp et al., 1998; Corry, 1999).

Among the most effective inhibitors of basophil function
are agents that elevate cAMP (Bourne et al., 1972; 1974). Both
receptor-mediated activators of adenylate cyclase and inhibitors
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of phosphodiesterase (PDE), the enzyme that degrades cyclic
nucleotides, are known to be effective inhibitors of mediator
release from basophils (Lichtenstein & Margolis, 1968).

More recent studies suggest that PDE exists as multiple
molecular forms (Beavo et al., 1994; Soderling & Beavo, 2000;
Conti et al., 2003). At least 11 PDE families have been
identified differing in substrate specificity, requirements for
activation and susceptibility to inhibition. Isoform-selective
inhibitors are available and have been used widely to
determine whether different PDEs are involved in regulating
discrete processes (Beavo & Reifsnyder, 1990; Nicholson &
Shahid, 1994). This approach has led to an appreciation
that the major isoform of PDE regulating the activity of
inflammatory cells is the cAMP-specific PDE, PDE4 (Teixera
et al., 1997; Souness et al., 2000). Our own data in human
basophils also suggest that PDE4 is important as PDE4-
selective inhibitors, such as rolipram, prevent the IgE-
mediated release of histamine and the generation of cys-
teinyl-leukotrienes from basophils (Peachell er al., 1992;
Weston et al., 1997). Moreover, we have also reported that
basophils contain a cAMP hydrolytic activity that is inhibited
by rolipram but not by alternative PDE inhibitors that act at
isoforms other than PDE4 (Weston et al., 1997). The aim
of the present study was to determine whether PDE4 also
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regulates the generation of the cytokines, IL-4 and IL-13, from
activated basophils.

Methods
Buffers

Phosphate-buffered saline (PBS) contained (mM): NaCl 137;
Na,HPO,.12H,0 8; KCl 2.7; KH,PO, 1.5. PIPES buffer
contained (mM): PIPES 22; NaCl 110; KCl, 5. The pH of both
buffers was titrated to 7.3.

Preparation of inhibitors and stimuli

Theophylline and isobutyl-methylxanthine (IBMX) were pre-
pared daily as stock solutions (2mM) in buffer. Rolipram,
denbufylline, 8-methoxymethyl-IBMX, zaprinast and Org
30029 (N-hydroxy-5,6-dimethoxy-benzo[b]thiophene-2-carboxi-
midamide HCI) were all prepared as stock solutions (100 mM)
in dimethyl sulphoxide (DMSO) and stored at 4°C. Siguazodan
was prepared weekly as a stock solution (1 mM) in buffer and
stored at 4°C. Dibutyryl-cAMP, dibutyryl-cGMP, 8-bromo-
cAMP and 8-bromo-cGMP were prepared daily as stock
solutions (10 mM) in buffer. The Sp isomer of 8-(4-chlorophenyl-
thio)adenosine-3', 5'-cyclic monophosphorothioate (Sp-8-CPT-
cAMPS) and Sp isomer of 8-(4-chlorophenylthio)guanosine-3',
5'-cyclic monophosphorothioate (Sp-8-CPT-cGMPS) were pre-
pared as stock solutions (10mM) in buffer and stored in
appropriate aliquots at —20°C. IL-3 was prepared as a stock
solution (100 ugml~") in distilled water and stored at —20°C.
Neat polyclonal goat anti-human IgE antibody was made up in
distilled water and stored at 4°C. All drugs and stimuli were
diluted to the desired concentration in buffer just prior to use.

Basophil isolation

Basophil-enriched preparations were obtained by Percoll
density gradient centrifugation. Briefly, whole venous blood
was layered over a two-step discontinuous Percoll gradient
consisting of 15ml of 62% Percoll overlaid with 15ml of 53%
Percoll and centrifuged (250 x g, 15 min). A basophil-rich layer
(5-15% purity), located 1 cm above the 53/62% interface, was
harvested. The contaminant cells were lymphocytes and
monocytes. These cells were washed three times in PIPES
buffer and then used in experiments investigating the release
of histamine, IL-4 and IL-13. On occasion, basophils were
further purified (>90% purity) by immunomagnetic bead
separations according to methods that have been described
in detail elsewhere (MacGlashan et al., 1994; Schroeder et al.,
2001). These basophils of high purity were used in some of the
functional studies. Basophil purities were determined using
an alcian blue stain (Gilbert & Ornstein, 1975).

Mediator release

The release of histamine, I1L-4 and IL-13 was assessed from
basophil-enriched preparations activated with either anti-human
IgE or IL-3. The effects of PDE inhibitors on the generation of
these mediators were also determined. Mediator release experi-
ments were performed in RPMI 1640 buffer supplemented with
BSA (1 mgml™"), gentamicin (10 ugml™") and calcium chloride

(made up to 1 mM). Basophils (80,000-300,000 basophils per
sample) were incubated (15 or 30min) with an inhibitor or
buffer before challenge with a stimulus, typically, in a total
reaction volume of 220 ul. Cells incubated in buffer alone served
as measures of spontaneous mediator release, and all values
cited for stimulus-induced mediator generation were corrected
by subtracting this spontaneous mediator release.

In experiments monitoring IL-4 generation, basophils were
activated for 4h with an optimal releasing concentration of
anti-IgE (1:100,000 or 1:10,000). In experiments monitoring
IL-13 generation, basophils were activated for longer (20
or 24 h). These conditions for optimal generation of IL-4 and
IL-13 generation have been reported by others (MacGlashan
et al., 1994; Gibbs et al., 1996; Redrup et al., 1998) and were
confirmed by us in a series of preliminary experiments. In some
experiments, cells were activated with IL-3 (100ngml™") for
24h for the generation of mediators in the presence and
absence of PDE inhibitors.

After activation, the cells were centrifuged (450 x g, 4 min)
and the supernatants saved and analysed for mediator release.
For the analysis of histamine content, an aliquot (50 ul) of the
supernatant, diluted in PBS buffer (950 ul), was analysed using
a modification (Ennis, 1991) of the automated fluorometric
technique of Siraganian (1974). The remainder of the super-
natant was assayed for IL-4 and IL-13 content by enzyme-
linked immunosorbent assay (ELISA). The limit of sensitivity
was 0.2 and 0.5pgml™' for the IL-4 and IL-13 assays,
respectively. The OD of samples was measured at 450 nM
using a Dynatech plate reader.

Materials

The following were purchased from the sources indicated;
8-bromo-cAMP, 8-bromo-cGMP, DMSO, goat anti-human
IgE, PIPES (free acid), Percoll, BSA, IBMX, theophylline,
rolipram, zaprinast and siguazodan (Sigma, Poole, U.K.);
gentamicin and RPMI 1640 (Gibco BRL, Dundee, U.K.); 8-
methoxymethyl-IBMX (LC Laboratories, Woburn, MA,
U.S.A)); IL-3 (Peprotech, Rocky Hill, NJ, U.S.A.); Sp-8-
CPT-cAMPS and Sp-8-CPT-cGMPS (Biolog Life Science
Institute, Bremen, Germany); ELISA kits for human IL-4
and IL-13 (Mast Diagnostics, Amsterdam, Netherlands).

The. following compounds were gifts: denbufylline (SKB,
U.K.); Org 30029 (Organon, U.K.).

Data analysis

Data are expressed as means+s.e.m. ECs, values were
determined using GraphPad Prism software (version 2). In
order to establish whether drug treatments caused statistically
significant effects, either paired -tests or ANOVA, followed
by Dunnett’s test, was performed. In all instances, the raw data
were subjected to statistical analyses.

Results

Effects of nonselective PDE inhibitors on cytokine
generation

The effects of the nonselective PDE inhibitor, IBMX, on the
generation of histamine and IL-4 from basophils activated
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with anti-IgE for 4h were determined (Figure la). IBMX
inhibited the generation of histamine and IL-4 concentration-
dependently although IBMX was more potent as an inhibitor
of IL-4 (log ECsy for IL-4 inhibition; —5.1+0.1) generation
than histamine release (log ECs, for inhibition of histamine
release; —4.440.2). The effects of IBMX on the generation of
histamine and IL-13, following activation of basophils with
anti-IgE for 24 h, were determined (Figure 1b). IBMX was also
an effective inhibitor of IgE-mediated IL-13 generation (log
ECsp; —5.640.3) and histamine release (log ECsp; —5.0+0.3).

Effects of selective PDE inhibitors on cytokine generation

The effects of selective PDE inhibitors on mediator generation
were also determined. Basophils were incubated (15 min) with
either 8-methoxymethyl-IBMX (PDEl-selective), siguazodan
(PDE3-selective), Org 30029 (mixed PDE3/4 inhibitor),
rolipram (PDE4-selective), zaprinast (PDES-selective) or

a
125+ %k
* %
100
*%
5 75 ‘
.-E
- 50,
.-E * %
® o5
—o—IL-4
07 —0— histamine
'25 T T T T T 1
8 7 6 5 -4 -3 2
log [IBMX] (M)
b
125+ o
100+
5 75 o
2 50
£
0\0 25,
——[L-13
0 —1— histamine
-25 \ \ \ \ \ I
8 7 -6 5 -4 3 -2
log [IBMX] (M)

Figure 1 Effect of IBMX on mediator generation. The effects of
IBMX on the generation of (a) IL-4 and histamine and (b) IL-13
and histamine from human basophils were determined. Cells were
incubated for 15min with IBMX before challenge with anti-IgE
(1:100,000 or 1:10,000) for (a) 4h or (b) 24 h. Values are expressed
as the % inhibition of the control releases, which were for (a),
73+ 31 pg of IL-4 per 10° basophils and 42+ 6% histamine release
and for (b), 8+2pg of IL-13 per 10° basophils and 214+6%
histamine release. Values are means+s.e.m., n=>5 for both (a) and
(b). Asterisks denote; *P<0.05, **P<0.01.

theophylline (nonselective) before challenge with anti-IgE for
4h, for histamine and 1L-4 generation (Figure 2), or 20 h, for
histamine and I1L-13 generation (Figure 3). The data show that
only those PDE inhibitors with activity at PDE4 (rolipram,
Org 30029) inhibited histamine release and the generation
of both cytokines to a statistically significant extent (P<0.05
at least).

In order to confirm whether inhibition of PDE4 affects
the generation of cytokines, the effect of an alternative
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Figure 2 Effect of selective PDE inhibitors on (a) IL-4 generation
and (b) histamine release from basophils. Cells were incubated for
15min with the inhibitors, 8-methoxymethyl-IBMX (8-Me-IBMX;
PDE] inhibitor), siguazodan (PDE3 inhibitor), Org 30029 (mixed
PDE3/4 inhibitor), rolipram (PDE4 inhibitor) zaprinast (PDES
inhibitor) or theophylline (nonselective) before challenge with
anti-IgE (1:100,000 or 1:10,000) for 4h. All inhibitors were used
at 10 uM except theophylline which was used at 1 mM. Values are
expressed as the % inhibition of the control releases, which were for
(a), 53+16pg of IL-4 per 10° basophils and for (b), 224+5%
histamine release. Values are means +s.e.m., n="7. Asterisks denote;
*P<0.05, **P<0.01.
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PDE4-selective inhibitor, denbufylline, was assessed (Figure 4).
Denbufylline attenuated the generation of IL-4 (log ECs;
—8.4+0.2) and IL-13 (log ECsp; —7.0£0.5) in a concentration-
dependent manner.

Effects of IL-3 on the generation of mediators from
basophils

Previous studies have shown that stimulation of basophils
with IL-3 induces the generation of IL-13 and modest levels of
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Figure 3 Effect of selective PDE inhibitors on (a) IL-13 generation
and (b) histamine release from basophils. Cells were incubated for
15min with the inhibitors, 8-methoxymethyl-IBMX (8-Me-IBMX;
PDE] inhibitor), siguazodan (PDE3 inhibitor), Org 30029 (mixed
PDE3/4 inhibitor), rolipram (PDE4 inhibitor) zaprinast (PDES
inhibitor) or theophylline (nonselective) before challenge with anti-
IgE (1:100,000 or 1:10,000) for 20 h. All inhibitors were used at
10 uM except theophylline which was used at 1mM. Values are
expressed as the % inhibition of the control releases, which were
for (a), 5+1pg of IL-13 per 10° basophils and for (b), 194+6%
histamine release. Values are means +s.e.m., n=4. Asterisks denote;
*P<0.05, **P<0.01.
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Figure 4 Effect of denbufylline on cytokine generation from
basophils. Cells were incubated for 15min with denbufylline before
challenge with anti-IgE (1:100,000 or 1:10,000) for 4h for IL-4
generation (a) or 24 h for IL-13 generation (b). Values are expressed
as the % inhibition of the control releases, which were for (a),
73431 pg of IL-4 per 10° basophils and for (b), 8 +2 pg of IL-13 per
10° basophils. Data for both IL-4 and IL-13 were generated from the
same set of donors but on different days. Values are means +s.e.m.,
n=>5. Asterisks denote; *P<0.05, **P<0.01.

IL-4 (Redrup et al., 1998; Ochensberger et al., 1999). Reports
suggest that IL-3 weakly induces histamine release from
basophils after 4h of activation (Redrup er al., 1998).
However, preliminary experiments of our own in nine donors
(three atopics) indicated that activation of basophils for 24 h
with IL-3 (100ngml~") caused not only IL-13 generation in
eight out of nine donors (range, 49-462pg of IL-13 per 10°
basophils; mean+s.e.m., 194+43pg of I1L-13 per 10° baso-
phils; n=28) but also induced histamine release in eight out
of nine donors (range, 16-56%; mean+s.e.m., 31 +5%; n=3)
and some modest levels of IL-4 generation in six out of nine
donors (5-27pg of IL-4 per 10° basophils; mean+s.e.m.,
14+3pg of IL-4 per 10° basophils, n=6). Further studies
indicated that both the release of histamine and the generation
of IL-13 were time dependent (Figure 5). Significant (P<0.05)
levels of mediator generation were observed after >16h of
activation with IL-3.

British Journal of Pharmacology vol 142 (8)
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Since basophil-enriched (5-15% basophils) preparations
have been used in these studies, the possibility that IL-3 may
stimulate leucocytes, other than or in addition to basophils,
to secrete cytokines cannot be excluded. This contrasts with
the situation for the stimulus, anti-IgE, which is likely to
activate basophils relatively exclusively owing to the selective
expression of IgE by basophils but not other leucocytes
(MacGlashan et al., 1994; Gibbs et al., 1996). In order to
determine the specificity of IL-3, basophils of high purity
(=90%) were challenged with IL-3 and cytokine generation
was evaluated (Table 1). The data indicate that basophils are
likely to be the main source of IL-4 and IL-13 when a mixed
leucocyte preparation is challenged with IL-3.

Effects of PDE inhibitors on mediator generation induced
by IL-3

The effects of nonselective and selective PDE inhibitors on IL-
3-induced mediator generation were also determined (Table 2).
Theophylline was an effective inhibitor of the IL-3-mediated
generation of histamine, IL-4 and IL-13. Of the isoform-
selective PDE inhibitors, only compounds with activity at
PDE4 (rolipram, Org 30029) inhibited the IL-3-dependent
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Figure 5 Kinetics of IL-3-induced mediator generation from
basophils. Basophils were challenged with IL-3 (100ngml™") for
time periods up to 24h and the generation of (a) IL-13 and (b)
histamine were monitored. Values are means+s.e.m., n=4. 1L-4
generation was also monitored in these experiments but only one
donor generated I1L-4 to an appreciable degree.

generation of mediators to a statistically significant (P<0.05)
degree.

In order to confirm that inhibition of PDE4 affects the IL-3-
dependent generation of cytokines, the effect of an alternative
PDE4-selective inhibitor, denbufylline, was assessed. Basophils
were incubated (15 min) with or without denbufylline (10 uM)
before challenge with IL-3 (100 ngml~"). After 24h, super-
natants were harvested and the effects of denbufylline, on the
generation of cytokines, were determined. Denbufylline
inhibited, to a statistically significant (P<0.05) degree, the
elaboration of IL-13 and IL-4 by 81+3 and 87+2%,
respectively (n=4).

Effects of cyclic nucleotide analogues on the generation
of mediators

Our experiments indicate that inhibitors targeting the cAMP-
specific PDE, PDEA4, are effective at attenuating the generation
of mediators from basophils. This suggests an inhibitory
mechanism mediated by cAMP. To assess this, the effects of

Table 1 IL-3-induced generation of IL-13 and IL-4
from purified basophils

pg per 10° basophils

Basophil purity (%) IL-13 1L-4
97+3 40+16 28+ 14
9+3% 57+18 23+6

Basophils were purified by immunomagnetic bead separations
and then challenged with IL-3 (100ngml~") for 24h, after
which, supernatants were harvested and evaluated for
cytokine generation. In parallel, the residual mononuclear
cell preparations, containing basophils* that had not been
captured by the purification step, were also challenged with
IL-3. Values are means+s.e.m., n=23.

Table 2 Effect of PDE inhibitors on the generation
of histamine, IL-13 and IL-4 from basophils activated
with IL-3

% inhibition

PDE inhibitor Histamine IL-13 1L-4
8-Me-IBMX 3147 16+8 9415
siguazodan 27+7 -247 —1+4+2
Org 30029 524 11% 32+ 6%* 64+ 7*
rolipram 66+ 12%* 564 5** 81+ 3**
zaprinast 14+7 10+4 34+11
theophylline 94 +4%* 65 +6%* 92 +4%*

Basophils were incubated for 15min with the inhibitors,
8-methoxymethyl-IBMX (8-Me-IBMX; PDE!] inhibitor),
siguazodan (PDE3 inhibitor), Org 30029 (mixed PDE3/4
inhibitor), rolipram (PDE4 inhibitor), zaprinast (PDES
inhibitor) or theophylline (nonselective) before challenge with
IL-3 (100 ngml™") for 24 h. All inhibitors were used at 10 uM
except theophylline, which was used at 1mM. Values are
expressed as the % inhibition of the control releases, which
were 28+6% histamine release, 237448 pg of IL-13 per 10°
basophils, 24+ 8 pg of IL-4 per 10° basophils. Although IL-3
induced histamine release in all seven experiments, in one
experiment no IL-13 generation was detected and in three
experiments no IL-4 generation was obtained. Thus, values are
means+s.e.m. from seven (histamine), six (IL-13) and four
(IL-4) experiments. Asterisks denote; *P<0.05, **P<0.01.

British Journal of Pharmacology vol 142 (8)
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Figure 6 Effects of cyclic nucleotides on histamine release from
basophils. Cells were incubated without or with analogues of cAMP
or cGMP for 30min before challenge with anti-IgE (1:100,000
or 1:10,000) for a further 45min. Values are expressed as the %
inhibition of the control histamine release, which was 344+7%.
Values are means+s.e.m., n =4. Asterisks denote; **P<0.01.

several analogues (1mM) of cAMP were investigated in
basophils along with analogues of cGMP for comparative
purposes. In initial experiments, it was established that both
dibutyryl-cAMP and Sp-8-CPT-cAMPS were effective inhibi-
tors of IgE-mediated histamine release from basophils,
whereas 8-bromo-cAMP was relatively ineffective (Figure 6).
None of the corresponding ¢cGMP analogues, dibutyryl-
c¢GMP, 8-bromo-cGMP or Sp-8-CPT-cGMPS was an effective
inhibitor of IgE-mediated histamine release. In further studies,
the effects of Sp-8-CPT-cAMPS (1 mM) on the generation of
IL-4, 1L-13 and histamine from basophils, induced by both
anti-IgE and IL-3, were determined. Sp-8-CPT-cAMPS was
a very effective inhibitor of cytokine generation and histamine
release from basophils induced by either stimulus (Table 3).

Discussion

Recent studies show that PDE exists as multiple molecular
forms (Beavo et al., 1994; Soderling & Beavo, 2000; Conti
et al., 2003). Moreover, the tissue distribution of these
isoforms varies quite widely. In the context of inflammation,
it has been established that most inflammatory cells are
regulated by the cAMP-specific PDE, PDE4 (Souness et al.,
2000). As a consequence, it has been proposed that inhibitors
of PDE4 may be useful anti-inflammatory agents (Teixera
et al., 1997; Souness et al., 2000).

The basophil is thought to be involved in allergic-type
diseases (Warner & Kroegel, 1994; Schroeder et al., 1995). It
follows that stabilising the activity of this cell, by preventing
the generation of mediators that promote inflammation, could
be therapeutically useful. It has long been recognised that
nonselective PDE inhibitors, such as the methylxanthines, are
effective inhibitors of histamine release from basophils

Table 3 Effects of Sp-8§-CPT-cAMPS on cytokine
generation and histamine release from basophils

% inhibition

Stimulus Histamine 1L-13 1L-4
Anti-IgE 64+5 80+7 81+7
IL-3 9842 87+7 76+7

Cells were incubated for 30 min without or with Sp-8-CPT-
cAMPS (1mM) and then challenged with either anti-IgE
(1:100,000) or IL-3 (100ngml™") for 24h. After this time,
supernatants were collected and assayed for histamine, 1L-4
and IL-13 content. Values are expressed as % inhibition of
the control releases, which were for anti-IgE, 20+3%
histamine release, 34+7pg IL-13 per 10° basophils,
174+2pg IL-4 per 10° basophils and for IL-3, 15+4%
histamine release, 8564307 pg IL-13 per 10° basophils,
36+ 12 pg IL-4 per 10° basophils. Sp-8-CPT-cAMPS inhibited
the generation of all mediators, induced by both stimuli, to a
statistically significant (P<0.05 at least) extent. Values are
means+s.e.m., n=4-6.

(Lichtenstein & Margolis, 1968). Later studies also demon-
strated that compounds, such as theophylline, are effective
at preventing the de novo generation of leukotrienes following
basophil activation (Peachell ez al., 1988). More recent studies
have shown that the basophil is an important source of 1L-4
and IL-13 (Brunner et al., 1993; MacGlashan et al., 1994;
Gibbs et al., 1996; Redrup et al., 1998; Shimizu et al., 1998;
Ochensberger et al., 1999). The present study has shown that
theophylline and IBMX are effective inhibitors of the
stimulated generation of IL-4 and IL-13 from basophils,
confirming observations made by others (Shichijo et al., 1997;
Gibbs et al., 1998). These data suggest that inhibition of PDE
prevents not only the generation of histamine and leukotrienes
from basophils but also cytokine generation as well.

Further studies were performed to determine the isoform
of PDE that regulates cytokine generation from human baso-
phils by employing isoform-selective inhibitors. Of these
compounds, only those drugs acting at PDE4, namely,
rolipram, denbufylline and Org 30029, inhibited the IgE-
mediated generation of IL-4 and IL-13. These data indicate
that the major isoform of PDE that regulates the IgE-triggered
generation of cytokines from basophils is PDE4 and that this
isoform also regulates the generation of histamine and
leukotrienes (Weston et al., 1997) from basophils. Interest-
ingly, cytokine generation induced by IL-3, a mechanistically
discrete activator of basophils (Redrup et al., 1998), was also
attenuated by PDE4-selective inhibitors and not by inhibitors
selective for other isoforms. These data suggest that PDE4 can
regulate the IgE- and non-IgE-dependent generation of a wide
spectrum of proinflammatory mediators from the basophil.

Although the present study strongly suggests that PDE4
is important in regulating basophil activity, the possibility
that other isoforms might be involved cannot be excluded as
selective inhibitors to PDEs 1, 3, 4 and 5 alone have been used
in this study due to the unavailability of inhibitors that act
selectively at alternative isoforms. However, it is interesting
to note that maximal inhibition of the generation of IL-4 and
IL-13 observed with rolipram is very similar to that seen with
theophylline irrespective of the stimulus employed (anti-IgE
or IL-3) to stimulate cytokine generation. This contrasts with
the situation when comparing the effects of theophylline and
rolipram as inhibitors of histamine release induced by either
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stimulus where theophylline is a more effective inhibitor than
rolipram. These data could suggest that the main, if not only,
isoform of PDE-regulating cytokine generation is PDE4 but
that for the regulation of histamine release, theophylline may
act not only at PDE4 but some other isoform of PDE or may
have actions unrelated to PDE inhibition.

Since PDE4 is a cAMP-specific PDE, inhibition of PDE4
would be expected to elevate cAMP intracellularly and, by
activating cAMP-dependent protein kinase (PKA), cellular
activity would be modulated. To investigate the role of cAMP
further, we studied the effects of a number of analogues of
cAMP and, in a comparative context, analogues of cGMP also
on the IgE-mediated release of histamine from basophils.
None of the cGMP analogues studied had any effect on the
release of histamine arguing against a role for cGMP, and
c¢GMP-specific PDEs, in the regulation of basophil activity.
By contrast, dibutyryl-cAMP was an effective inhibitor of
histamine release from basophils. However, concerns have
been raised that the effects of this analogue may not be due
to activation of PKA but rather because of the intracellular
conversion of the molecule to butyrate (Schwede et al., 2000).
In these same experiments, 8-bromo-cAMP was also studied
but this analogue was an ineffective inhibitor of histamine
release from basophils questioning the specificity of the
activity of dibutyryl-cAMP. However, 8-bromo-cAMP,
although recognised as a superior probe to dibutyryl-cAMP
in terms of target specificity and resistance to hydrolysis, is less
cell-permeant than dibutyryl-cAMP such that lack of activity
with 8-bromo-cAMP could be due to cell exclusion (Schwede
et al., 2000). This reasoning is supported by studies with an
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